steady-state and dynamic behaviour of a single Pd-AI,Os catalyst particle is studied for the selective hydrogenation of ethyne in the presence of ethene, without addition of carbon monoxide. The particle-to-gas heat transfer in the reactor is characterized. During selective hydrogenation, not only the ignition and the extinction phenomena but also oscillatory behaviour is observed. The nature of the single and multipeak oscillations is discussed. With a dynamic model, based on relatively simple kinetic equations and an additional slow mechanism, e.g. the formation of ethylidyne on the catalyst surface, the qualitative features of this system can be described.
INTRODUCTION
Selective hydrogenation is a commonly applied method for the removal of ethyne in ethene streams. On an industrial scale, adiabatic packed-bed reactors are used in cracking plants to reduce the C,H, content in the ethene typically from 1% to 5 ppm. Palladium on alumina is the most widely employed type of catalyst, because of its relatively good selectivity. The reactions involved are:
CzH, + Hz + C,H,, AH,,, k = -172 MJ/kmol (1) C2H4 + H2 + C2H6, AHzg8 z = -137 MJ/kmol.
Recent studies [see e.g. Margitfalvi et al. (1980, 1981) ] have revealed that also the direct hydrogenation of ethyne to ethane can take place: C2H2 + 2H2 + C2Hd, AHZ9s k = -309 MJ/kmol.
The hydrogenation reactors are known to exhibit thermal runaway: due to some reason, suddenly the hydrogenation of ethene starts full scale. This is accompanied by an increase of the temperature rise over the reactor, because the reaction has to be carried out with an excess of hydrogen. We have studied the causes of this runaway. As part of these investigations, we also have done experiments with a single catalyst particle. In preliminary experiments, using a very simple set-up, in which the hydrogenation of ethenein the absence of ethyne-was carried out, we have found some interesting phenomena such as a temperature overshoot. We have reported on these previously; see Westerterp er al. (1985 Westerterp er al. ( , 1986 . These phenomena induced us to design and construct a new single-particle reactor set-up in which more accurate 'Author to whom correspondence should be addressed.
experiments can be performed, at elevated pressures and using both CZH4 and C,H,C,H, feed gases. One of the objectives in this new study is to determine experimentally the multiplicity behaviour of a single catalyst particle in the hydrogenation of ethyne in ethene. In the literature, the theory has been elaborated for particle multiplicity, mostly for simple reaction systems with first-or nth-order kinetics. The number of experimental studies in this field is rather limited. Single-particle experiments can provide useful information: Harold and Luss (1985) , for example, have shown that experimentally determined bifurcation diagrams can be applied for elucidating some of the features of the intrinsic kinetic expression.
Unexpectedly, in carrying out multiplicity experiments, we have found that in a certain range of operating conditions the catalyst temperature started to oscillate during the hydrogenation of ethyne in ethene. In the literature, oscillations in heterogeneously catalyzed reaction systems have been reported mainly for oxidation reactions; moreover most studies involve the oxidation of CO or HZ [see e.g. Razon and Schmitz (1987) , who have presented a review containing 400 references]. To our knowledge, no oscillations have been found for the selective hydrogenation of ethyne.
We will first discuss the experimental results for the multiplicity and the oscillatory behaviour of a single cylindrical catalyst pellet of the egg shell type. Based on the experimental observations, possible explanations will be proposed and subsequently implemented in mathematical models. The behaviour of such models will be compared qualitatively with the experimentally found phenomena.
EXPERIMENTAL
The experimental set-up is shown schematically in Fig. I . The gases hydrogen, nitrogen and ethene, or a mixture of ethyne in ethene, were supplied from A. N. R. Bos et 01. bottles. Because of the danger of self-explosion of ethyne, the partial pressure of ethyne must be kept low and, thus, ethyne and ethene could not be mixed on-line at elevated pressures. Mixtures of ethyne and ethene were made by evacuating a bottle, filling it with ethyne until e.g. 0.5 bar, followed by a slow addition of ethene to the final pressure of around 40 bar. At high flow rates, the expansion of the ethyneethene mixture was accompanied by a strong temperature decrease and, therefore, the gas was preheated to prevent freezing of the pressure reducer and flow controller. All flows were measured and controlled by means of six Brooks 5851TRC and 5850TRC thermal mass flow controllers. Two gas supply sections were used, and via a system with two magnetic valves it was possible to pass either one of the gas mixtures through the single-particle reactor. It was also possible to switch between two electric preheaters. The wallcooled reactor was made of stainless steel and had an inner diameter of 0.04 m and a length of 0.3 m. The maximum pressure was 2 MPa, and the pressure was measured and regulated with back-pressure controllers.
The reactor is shown in more detail in Fig. 2 . In the reactor several thermocouples were placed to measure the temperatures of the particle and of the gas near the particle and at the inlet, outlet and the wall of the reactor. One thermocouple was used to keep the catalyst particle in place as well as to measure the catalyst temperature itself. To this end, after drilling a small hole in the particle, it was mounted on one of the 0.5 mm thermocouples with the aid of a special cement to ensure good contact. All thermocouples were positioned by means of an internal frame made out of Arlon 1000, a polyetherether ketone, which has a low thermal conductivity. The thermocouples were connected to a Hewlett-Packard Data Acquisition and Control Unit (DACU), whose output was sent to a HP 9816 computer. The data collected were stored and/or presented in graphs. In most experiments, the reactor pressure, inlet temperature and flow of N2 and CzH4 or CzHzC2H, was kept constant and the amount of Hz varied by changing stepwise. After each change, as soon as the particle temperature varied less than 0.2 K during 5 mitt, we assumed that the new steady state had been reached. Some of the properties of the commercial catalyst used in the experiments are listed in Table 1 . as outlined in many papers and textbooks; see e.g.
Westerterp et al. (1987).
Here we merely show these experimental results to confirm that particle multiplicity due to external transfer resistances does occur for our system. Further on we will elaborate on this. Under certain conditions, the catalyst particle can exhibit more than one steady state, a kinetically controlled lower steady state and an ignited upper steady state where mass transfer is controlling. An example of the experimentally observed ignition, extinction and hysteresis phenomena is shown in Fig. 3 . Figure  3 The plots in Fig. 3(a) and (b) can be explained in terms of the basic theories of particle multiplicity of approximately 10 min. If the Hz content was increased, also the amplitude of the oscillation increased. At higher Hz contents, we sometimes observed not a single peak but a more complex multipeak oscillation. This is illustrated in Fig. 4 (c), presenting the oscillations of the particle temperature at 2.3% of hydrogen, at further essentially the same conditions as for Fig. 4 (a). Figure 4 (b) shows a regular single-peak oscillation with a period of around 15 min occurring at a hydrogen content of 2.5%. At even higher Hz contents, the catalyst temperature ceased to oscillate and always remained in an ignited steady state, with a large difference between the gas and solid temperatures. The influence of the hydrogen content on the oscillatory behaviour is further illustrated in to finally 2.8%. These steps are indicated by the dashed vertical lines in Fig. 5 . At low hydrogen contents, a single peak oscillation with a low amplitude and a period of approximately 10 min was found. Up to a hydrogen content of around 2.3%, after every stepwise increase of the hydrogen content, the amplitude of the oscillation AT,,,,, -AT,,,, increased, while the period remained of the order of 10 min. However, as can be seen in more detail in Fig. 5(b) , between 2.3 and 2.6% Hz, the system seemed to bifurcate to a different type of oscillation: the amplitude now remained more or less constant, while the period increased strongly. The cooling of the particle became slower and sometimes a small second peak appeared. Note that at 2.8% Hz the period of the main oscillation had increased to 70 min and a sort of plateau appeared. This plateau could easily lead to the erroneous conclusion that a steady state had been reached. At a further increase of the hydrogen content above 2.8%, the oscillations disappeared.
MODEL FORMULATION
For the time being, we can only speculate about the causes of the oscillations observed. As can be shown rigorously with e.g. a Hopf bifurcation analysis, or felt intuitively considering the period of the oscillations, which is much longer than the thermal relaxation time of the pellet, the oscillations cannot be induced by an interaction of reaction with heat and mass transfer. This is possible only for very small particles or thin wires; see e.g. Luss (1975) . It must also be realized that the catalyst is of the egg shell type, so that the theoretically possible wealth of complex phenomena due to internal gradients is not relevant in our case. We believe that the oscillations are kinetically induced by means of an interaction between the main reactions and an additional slow mechanism.
Below we will discuss the formation of ethylidyne (C-CH,) as a possible physico-chemical explanation for the presence of an additional slow mechanism. Other factors might be the capacity of Pd to dissolve large amounts of H, and the formation of two different Pd hydride phases, with different activities; see . Figure 6 shows a simplified reaction scheme for the selective hydrogenation of mixtures of ethyne in ethene over a Pd catalyst. Besides the two main reactions, also a direct route from ethyne to ethane, via an adsorbed species denoted as X, can exist. It has been shown by spectroscopic techniques [see e.g. Sassen (1989) and Margitfalvi et al. (1981) ] that a number of surface species can be formed on Pd, although not all of them will play an active role during selective hydrogenation. Two of the species that have unequivocally been shown to exist are ethylidyne and ethylidene; see and mechanism of the formation of such a surface species is rather complex and still largely unknown. For more information the reader is referred to and the references therein. Here we merely use the formation of e.g. ethylidyne to explain the presence of a slow reversible blocking and reactivation of the catalyst and the effect on the main reactions (1) and (2). Wicke et al. (1980) have used a similar concept of blocking and reactivation to explain the oscillatory behaviour found for the oxidation of hydrogen.
First-order reaction with reversible blocking
In order to study the effect of a reversible blocking-reactivation as outlined above, it is helpful to first simplify the reaction system by assuming that only a single first-order reaction occurs. This might be interpreted as being of first order in hydrogen and zeroth order in hydrocarbon; see . Further, we use the same dimensionless temperatures and mass transfer parameter as those used by Wijngaarden and Westerterp (1992) in a steadystate model with a single first-order reaction, and extend their approach to blocking, multiple reactions and particle dynamics.
If the rate of reaction is expressed per unit volume of catalyst, the mass and heat balances are: 
In these equations, Osr. denotes the fraction of the active sites that are blocked. First we will examine the steady-state behaviour of this model; thus, the lefthand side of eq. (5) is set to zero. Because we have assumed first-order behaviour, this simple set of nonlinear eqations can be solved analytically. In the absence of blocking, the maximum temperature difference between the gas and the pellet equals AT., Lem2j3; see e.g. Westerterp er al. (1987) . It turned out to be convenient to define dimensionless temperature as the temperature divided by this maximum temperature difference:
where 
The definition of the Lewis number Le follows from the Chilton-Colburn analogy. We further define the parameter 6, which represents a dimensionless mass transfer coefficient. The steady-state equations (4) 
The right-hand side of this equation can be regarded as a dimensionless heat production rate (HPR), scaled between 0 and I, and the left-hand side as a dimensionless heat withdrawal rate (HWR). If these are plotted as a function of the pellet temperature, we obtain an S-shaped curve and a straight line for the HPR and HWR, respectively. For the case without blocking, as known, there can be either one, two or three operating points. A discussion of the basic features of multiplicity and associated phenomena can be found in many papers and textbooks, e.g. Westerterp et al. (1987) . This will not be repeated here; we focus on the effect of the blocking mechanism.
In Fig. 8 we show the HPR-HWR diagram for a fixed set of parameters and for different values of the blocking fraction OQL. There exists a range of values of OsL for which multiplicity occurs: this region is bounded by two critical values, the ignition value and the extinction value. This is also illustrated in Fig. 9 , which shows a bifurcation diagram in the epOBL plane.
It is noteworthy that the effect of OgL is very similar to the effect of the mass transfer parameter 4: the ratio #/(l -OBL) determines the shape of the HPR curve. Thus, the bifurcation behaviour of the steadystate model with blocking is quite similar to that of the basic model without blocking.
To study the dynamics of the simplified system, we use the time constant of the pellet for cooling or 
kRE = kpE exp ( -ERE/RT). (15)
Alternatively, one might also introduce a concentration dependence. Equation (14) 
Evaluation of conditions (21) shows that this is the case only if the activation energy EBL of the blocking is higher than that of the reactivation ERE. Conditions (21) can be used to find parameter values for which oscillations around a steady state occur. Yet, we must realize that the above analysis is only a local one and that it loses its validity if we move away from the steady-state solution. Thus, conditions (20) cannot be used to find oscillations where the catalyst pellet oscillates between the upper and the lower steady state, where there are two attractors. In this case, the oscillations can be regarded as a sequence of ignitions and extinctions. A necessary condition for this to occur is that at ignition, i.e. at the lower operating point, the rate of reactivation is higher than the rate of blocking, while at extinction this is reversed. Based on this consideration, a rather complex relation between the parameter values can he derived, which can be used as a guideline to find such oscillations. Figure 10 shows a few examples of the oscillations obtained with this simple model. The nature of the oscillations can be understood by considering the HPR-HWR diagram shown in Fig. 8 . Dynamically, the blocking and reactivation process causes a shift of the HPR curve to the right and to the left, respectively. For example, if we start in the neighbourhood of the lower operating point, relatively small shifts back and forth of the HPR curve lead to a limit cycle around the lower steady state. This shift to the left, due to reactivation, may be so large that the lower operating point no longer exists and subsequently an ignition occurs. At the higher temperature, the blocking mechanism prevails, causing the HPR curve to move back slowly to the right, where eventually an extinction will occur, and the whole process is repeated. Thus, with the simple model described above, it is possible to predict oscillatory behaviour. No multipeak oscillations have been found using this model.
Selective hydrogenation of ethyne, assuming LangmuirHinshelwood kinetics
Although it reflects some of the main features of the oscillatory behaviour, the model outlined and discussed above is, of course, a crude simplification when it is applied to the selective hydrogenation of ethyne in ethene. Here at least two reactions occur and, further, the assumption of simple first-order behaviour in hydrogen and zeroth order in ethyne seems to be appropriate only in a limited range of conditions and, particularly, is questionable near the upper steady state.
The model can easily be extended to a two firstorder reactions system. In that case the bifurcation behaviour is more complex and up to five steady-state solutions are possible; see e.g. Harold and Luss (1985), who studied the bifurcation behaviour of a two firstorder parallel reactions system, without blocking. Over a wide range of parameter values the behaviour of a system of two first-order reactions is very similar to that of a single first-order reaction.
The model becomes significantly more complex if, instead of first-order behaviour, Langmuir-Hinshelwood (LH) kinetics is assumed for reactions (1) 
-m@bL exp (-&3~/%)1
where x> and xfB must be solved from eqs (22)- (24), (25) and (26).
With this more complex model, we calculated the oscillations shown in Fig. 11 . The qualitative agreement with the experimentally observed behaviour is quite satisfactory. We were not able to simulate the multipeak oscillations we sometimes observed experimentally. These multipeak oscillations were found only in a few experiments, which indicates that they can be expected only in a very narrow range of model parameters, which in turn implies that this behaviour is easily missed when carrying out simulations. Also, we would bear in mind the relative simplicity of the model as compared to the complex processes occurring on the catalyst surface.
CONCLUDING REMARKS
We have found experimentally a new oscillatory behaviour in the selective hydrogenation of ethyne in ethene on a single Pd-A120, catalyst pellet. In order to explain the observed phenomena, we have suggested a reversible blocking mechanism. For this we proposed the formation of ethylidyne, which has recently been shown to be present on the Pd catalyst surface during the selective hydrogenation of ethyne on Pd catalysts, as a precursor of ethane formed from ethyne; see e.g. Sassen (1989) and Margitfalvi et al. (1981) .
The real nature of the blocking mechanism can be clarified only by sophisticated surface science techniques. Therefore, in our modelling we have abstained from making assumptions about the exact nature of the blocking mechanism and kept the model as simple as possible. A simple model with a lower number of parameter groups can show more clearly the main effects, which might be obscured by details in complex models. Complex models, incorporating more and, to some extent, speculative details of the mechanisms of both the reactions and the blocking mechanism, contain a large number of parameters on which little or no quantitative information is available. Even for the simple models, the number of parameters is so large that it impedes a complete analysis. We feel that further sophistication of our model is profitable only if additional and quantitative information about the mechanistic details becomes available; the model indicates that these details affect the behaviour of the catalyst pellet significantly. The oscillations might then be used to verify the mechanism proposed, like our study indicates-but by no means proves-the existence of a reversible blocking mechanism probably by the formation of ethylidyne. 
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Experimental method
Prior to undertaking the chemical experiments, we determined the particle-to-gas heat transfer. To this end, the particle was heated up to a temperature in the range 323-353 K with warm gas from preheater 1 and, after that, cooled down with gas. The switching of the flows, by means of opening and closing of the two magnetic valves, was controlled by the HP DACU and computer. The temperatures of the particle and the gas were recorded as a function of time. The temperature of the wall was kept constant and equal to the temperature of the cold gas. The heat transfer experiments were performed at different pressures and gas velocities and for different particles like the Pd-AIZ03 catalyst, non-porous alumina spheres, aluminium spheres and cylinders. The particle sires varied and were 4.4, 7.7 or 12.2 mm. Values for the heat transfer coefficient from particle to gas, CL, were obtained by fitting of the experimental temperature vs time curves using the following relation, in which tl is the only fit parameter:
dT,
P&l% dt = -aA,(T, -T,) -a&A,@-; -T:).
This expression describes the change of the particle temperature both due to convective heat transfer from the particle to the gas and due to heat transfer by radiation.
Values Equations (Al) and (A2) are valid only if intraparticle gradients can be neglected. A simple criterion for this Bi -z 0.1, which can also be written as Nv < 0.11,/&.. For the catalyst pellet this criterion is not fulfilled because of its low thermal conductivity and, thus, it was not used to determine the heat transfer coefficient.
Results and discussion
In Fig. Al the experimentally determined Nusselt numbers are shown as a function of the Reynolds number for the alllminium and non-porous alumina spheres and cylinders. The correlations of Ranz and Marshall (1952) and Gnielinski (1975) are also plotted in these figures. For the characteristic pellet diameter, Gnielinski's recommendation was followed
